We have observed maternal transmission ratio distortion (TRD) in favor of DDK alleles at the Ovum mutant (Om) locus on mouse chromosome 11 among the offspring of (C57BL/6 ϫ DDK) F 1 females and C57BL/6 males. Although significant lethality occurs in this backcross ‫,)%05ف(‬ differences in the level of TRD found in recombinant vs. nonrecombinant chromosomes among offspring argue that TRD is due to nonrandom segregation of chromatids at the second meiotic division, i.e., true meiotic drive. We tested this hypothesis directly, by determining the centromere and Om genotypes of individual chromatids in zygote stage embryos. We found similar levels of TRD in favor of DDK alleles at Om in the female pronucleus and TRD in favor of C57BL/6 alleles at Om in the second polar body. In those embryos for which complete dyads have been reconstructed, TRD was present only in those inheriting heteromorphic dyads. These results demonstrate that meiotic drive occurs at MII and that preferential death of one genotypic class of embryo does not play a large role in the TRD.
W HEN females of the DDK inbred mouse strain are segregate as a single locus (Ovum mutant, Om) and have been mapped to a small region of mouse chromomated with males of many other inbred strains, up to 95% of the resulting embryos die prior to the some 11 (Baldacci et al. 1996; Pardo-Manuel de Villena et al. 1997 ; F. Pardo-Manuel de Villena and C. completion of preimplantation development (Wakasugi 1974) . The reciprocal crosses, between DDK males Sapienza, unpublished results). Two of the four F 1 backcrosses, that between DDK and non-DDK females, are fully viable and fertile (Wakasugi 1974) . This unusual system of polar, preimfemales and (C57BL/6 ϫ DDK) F 1 males and that between (C57BL/6 ϫ DDK) F 1 females and C57BL/6 plantation lethality has been termed the "DDK syndrome" (Babinet et al. 1990 ). Ovary transfer experimales, exhibit intermediate levels of lethality (Wakasugi 1974; Pardo-Manuel de Villena et al. 1999) . We ments (Wakasugi 1973) , genetic experiments using F 1 backcrosses (Wakasugi 1974) , and pronuclear transfer observed transmission ratio distortion (TRD, defined as a statistically significant departure from the Mendelian experiments (Mann 1986; Renard and Babinet 1986) all indicate that the preimplantation lethality results ratio expected) in favor of DDK alleles at the Om locus in both of the semilethal F 1 backcrosses. In the case of from the interaction of a DDK ovum gene product with a non-DDK paternal gene.
the backcross between DDK females and F 1 males, the high level of TRD (Ͼ80%) was due to death of embryos The failure to segregate the gene encoding the DDK maternal product and the lethally interacting paternal inheriting the lethally interacting "alien" (C57BL/6) paternal allele from their F 1 fathers. [In fact, we mapped gene among a modest number of F 1 backcross offspring led Wakasugi (1974) to propose that the genetic factors the location of Om to chromosome 11 by determining the position of maximum TRD in surviving offspring responsible for DDK syndrome resided at the same locus. Consistent with this interpretation, both the materfrom this backcross (Sapienza et al. 1992) .] nal factor and the lethally interacting paternal gene
We also observed TRD at Om among the offspring of (C57BL/6 ϫ DDK) F 1 females and C57BL/6 males in multiple independent experiments (Pardo-Manuel de Villena et al. 1996 Villena et al. , 1997 Villena et al. , 2000a . The level of TRD 1 oviduct with sharp tweezers. Adherent cumulus cells were real. 2000a). Although there was significant embryonic moved by repeated pipetting through a small-bore glass pideath in the backcross of (C57BL/6 ϫ DDK) F 1 females pette after 5 min of enzyme treatment and one-cell embryos to C57BL/6 males, we also considered the possibility were washed and cultured in CZB medium (Chatot et al. that TRD was not due to preferential loss of offspring 1989) for 2-5 hr before microsurgery. CZB culture drops were equilibrated in a humidified incubator (37Њ, 5% CO 2 in air) of one genotypic class. We formulated a genetic test, for at least 1 hr before embryo culture.
based on the expectations of a single-locus lethality Micromanipulation and DNA preparation: One-cell emmodel and an alternative model of nonrandom segregabryos were transferred into CZB medium containing 10 g/ml tion of chromosomes during the first or second meiotic cytochalasin B and 0.4 g/ml demecolcine drop and placed in division (Pardo-Manuel de Villena et al. 2000a) . We the incubator for 20-30 min before microsurgery. Enucleation was performed in M2 medium containing cytochalasin and found that the level of TRD differs among surviving demecolcine using pipettes of 20-m outer diameter on a offspring, being significantly greater when they inherit Leitz micromanipulator with Piezo-drill controller PMM-150 a recombinant (nonparental) than a nonrecombinant (Prime Tech, Ibaraki, Japan) . To distinguish between mater-(parental) chromosome 11 (Pardo-Manuel de Vilnal and paternal pronuclei, the embryo was held in such a lena et al. 2000a ). This observation was not consistent way that the second polar body was at the one o'clock or five o'clock position and both pronuclei were seen clearly at the with the expectations of a single-locus lethality model same time (Figure 1 ). The maternal pronucleus was selected but was consistent with the possibility that TRD at Om as the one closer to the second polar body and smaller in size was due to meiotic drive at the second meiotic division.
than the male pronucleus. Each polar body or pronucleus
We have tested the meiotic drive hypothesis directly, was transferred separately into eight-strip 0.2-ml PCR tubes by removing the female pronucleus and second polar containing 1 l of 17-m sodium dodecyl sulfate (SDS) and 2 l of 125-g/ml proteinase K (Holding et al. 1993) overlaid body from zygote stage embryos and determining the with a drop of paraffin oil and then incubated at 37Њ overnight genotype of the single chromatid contained in each followed by 15 min at 95Њ to inactivate the enzyme. meiotic product at markers linked closely to the centroMicrosurgery was attempted on a total of 378 zygotes. Three mere and to Om. We find that TRD is present at the hundred ten of the zygotes were from the cross (C57BL/6J ϫ DDK) F 1 ϫ C57BL/6J, 40 zygotes were from (C57BL/6J ϫ zygote stage and occurs reciprocally and to the same DDK) F 1 ϫ PANCEVO/EiJ, and 28 zygotes were from (C57BL/ level in the maternal pronucleus and second polar body. with the interpretation that nonrandom segregation of 2005) . Once significant TRD was demonstrated among the offspring of these males; they (i.e., the same individuals) were chromosomes between the oocyte and second polar used as sires in the present experiment. body is responsible for TRD.
Nested PCR and genotype determination: The genotypes of the samples were determined using nested PCR, as described by El-Hashemite et al. (1997) , with minor modifications (see below). Two sets of specific primer pairs (outer and MATERIALS AND METHODS inner primers; Table 1 ) were designed for each microsatellite Mouse crosses and embryo collection: The DDK inbred marker: D11Mit71, linked closely to the centromere [at posistrain was a gift of Charles Babinet (Institute Pasteur, Paris) tion 1.1 cM (http:/ /www.informatics.jax.org/) and physical posiand has been maintained in a specific pathogen-free facility tion 6825228-6825411 (NCBI m33)], and D11Spn1 or D11Spn4. at Temple University Medical School since 1997. C57BL/6J, D11Spn1 is at position 47 cM and physical position 81773654-PERA/EiJ, and PANCEVO/EiJ strains were purchased from 81773802 bp [http:/ /www.ensembl.org/Mus_musculus/ (NCBI The Jackson Laboratory (Bar Harbor, ME). In all crosses dem33)] and is very closely linked to Om (Pardo-Manuel de scribed in the text, the dam is listed first and sire second. Villena et al. 2000a) . D11Spn4 is just proximal to Om (at (C57BL/6J ϫ DDK) F 1 females (8-16 weeks old, bred in position 46.5 cM; F. Pardo-Manuel de Villena, unpublished house) in natural estrus were set up for mating with C57BL/ results) and at physical position 81612112-81612303 bp [http:/ / 6J, PERA/EiJ or PANCEVO/EiJ males in the afternoon. All www.ensembl.org/Mus_musculus/ (NCBI m33)]. PCRs with the of the males used as sires had been tested previously for TRD D11Spn1 marker were not as robust as with the D11Spn4 marker in favor of the inheritance of DDK alleles at Om among their in the PANCEVO/EiJ strain. On days when PANCEVO/EiJ offspring and similar levels of TRD favoring the transmission plugs were obtained, the D11Spn4 marker was substituted in of the maternal DDK allele at Om are observed in all three all PCRs for that day, including those with pronuclei/polar crosses (Pardo-Manuel de Villena et al. 2000a; Kim et al. bodies from C57BL/6J or PERA/EiJ plugs. 2005). Females were checked for copulation plugs the next PCR amplifications were performed in a Perkin-Elmer 9600 morning and mated females were killed before noon and their thermal cycler, and reagents were from Roche Applied Science oviducts were collected into M2 medium (Sigma, St. Louis) (Indianapolis). Primary reactions used the ‫4ف‬ l of DNA containing 100 units/ml of hyaluronidase (ICN, Aurora, OH) template (single pronucleus or polar body prepared preat room temperature. The cumulus-oocyte complexes were viously) in a total volume of 15 l. Reactions contained 250 m each deoxynucleoside triphosphate (dATP, dCTP, dGTP, released from the oviducts by rupturing the ampulla of each 
zygotes tested (a representative example is shown
Negative controls were included in each experiment and in Figure 2 ). We also determined the centromere and paternal pronuclei acted as an internal positive control in that DDK alleles should never be amplified. The genotype of each
Om genotypes in Ͼ90% of the paternal pronuclei and sample at each locus was assigned according to the nested we did not observe a DDK allele in any case, indicating that TRD should be present in both the maternal pronucleus and the second polar body, but in opposite directions (Pardo-Manuel de Villena et al. 2000a) . To test RESULTS this prediction we used all of the second polar bodies for which Om genotype was determined successfully (in Reciprocal TRD at Om is observed in the female pronucleus and second polar body: The female pronucleus, 363/378 second polar bodies, or 96% success) and the results were, again, consistent with this prediction ( 2 ϭ C57BL/6 allele to the second polar body. This situation occurs at MII only when the dyad remaining in the 5.58; P Ͻ 0.05, Table 2 ). There was significant TRD in favor of DDK alleles in the maternal pronucleus and ovum after MI is heteromorphic; i.e., there has been a recombination event between the centromere and Om also significant TRD in favor of C57BL/6 alleles in the second polar body.
on one chromatid and no recombination event between the centromere and Om on the other (see materials TRD is observed only in embryos that contain heteromorphic dyads at MII: The data in Table 2 demonstrate and methods and Pardo-Manuel de Villena et al. 2000a , Figure 1 ). that TRD was present in the embryos before any lethality due to the DDK syndrome had taken place, indicating
We reconstructed the dyad present in the ovum after MI (i.e., successful determination of centromere and that nonrandom segregation of chromatids occurred at MII. If this is the case, then TRD must occur as a result Om genotype in both maternal pronucleus and second polar body) in 326 cases (Table 2 ). There was no eviof preferential segregation of the chromatid carrying a DDK allele at Om to the maternal pronucleus and the dence of TRD among embryos that inherited a homomorphic maternal dyad, consistent with the interpretapreferential segregation of the chromatid carrying a Figure  2 .-Representative agarose gel electrophoresis of nested PCR products. PCR templates are pronuclei and second polar bodies. M, maternal pronucleus; PB, polar body; P, paternal pronucleus; Ϫve, negative control. Genotype on each chromatid is inferred (below gel) by identity of allele (right side of gel) at D11Mit71 (for centromere) and D11Spn1 (for Om). Solid circles, C57BL/6 centromeres; open circles, DDK centromeres; wavy lines, the DDK allele; straight lines, the C57BL/6 allele. Villena et al. 2000a ). Our results demonstrate the folin both zygotes (this report) and live-born offspring (sumlowing: (1) significant TRD in favor of DDK alleles is marized in Pardo-Manuel de Villena et al. 2000a) , cerpresent at the zygote stage in female pronuclei; (2) tain aspects of the zygote data exhibit unexpected characsignificant and reciprocal TRD in favor of C57BL/6 teristics that may not preclude some postzygotic selection alleles is present in second polar bodies; and (3) signifiagainst one class of Om C57BL/6 /Om C57BL/6 embryo. Table 4 cant TRD occurs only in embryos that contain heterocompares the number of parental/nonparental chromorphic dyads at MII. We stress that the first two conclumosomes observed in live-born offspring (data from sions represent independent tests of the meiotic drive Pardo-Manuel de Villena et al. 2000a ) with the numhypothesis; if the null hypothesis was that TRD is due to ber of each type found in the maternal pronucleus in preferential death of embryos carrying Om C57BL/6 alleles, the present experiment. Although the two sets of obser-TRD in favor of Om C57BL/6 in second polar bodies is not vations do not differ significantly ( 2 ϭ 6.3, 3 d.f., P Ͼ a predicted result of this experiment. Overall, all three 0.05), three aspects of the comparison bear mention: of these results demonstrate that TRD in favor of DDK (1) there are significantly more C57BL/6 centromeres alleles at Om occurs as a result of nonrandom segregathan DDK centromeres in the live-born data set ( 2 ϭ tion of chromatids at MII. 4.37, P Ͻ 0.05) but there are not significantly more We note that the level of TRD observed in zygotes C57BL/6 centromeres in the zygote data set; (2) the (56.1%, Table 2), as well as the level of reciprocal TRD fraction of nonparental chromosomes in the live-born observed in second polar bodies (56.2%, Table 2 ), was data set is 0.44 Ϯ 0.013, while it is 0.49 Ϯ 0.027 in the similar to that observed in live-born offspring (56-zygote data set; and (3) the level of TRD in parental 62.8%; Pardo-Manuel de Villena et al. 1996 Villena et al. , 1997 chromosomes and nonparental chromosomes does not 2000a,b) and similar to the level of nonrandom segregadiffer in the zygote data set while the level of TRD in tion of univalent X chromosomes observed in the mouse the nonparentals is significantly higher in the live-born at MI (62.2%; LeMaire-Adkins and Hunt 2000), as data set (Pardo-Manuel de Villena et al. 2000a ). If well as the level of TRD observed in both mouse (59.6%)
we use the live-born data set to predict which class of and human (58.7%) female Robertsonian translocation observation is the cause of these three discrepancies, carriers (summarized in Pardo-Manuel de Villena we would conclude that the nonparental chromosome and Sapienza 2001a). The relative quantitative uniforclass that has a DDK centromere and a C57BL/6 allele mity of these results suggests that some common feature at Om is overrepresented in the zygote data set (i.e., Ͻ71 of oocyte meiotic spindle asymmetry is being exploited even though the nonrandom segregation reported here such chromosomes would be predicted on the basis of zygote data set, then the fraction of each type of chromo-
The chromatid on the left of each dyad was segregated to the some would more closely approximate that found in the maternal pronucleus, and the chromatid on the right was segregated to the second polar body.
live-born data set: the fraction of the total chromosomes containing C57BL/6 centromeres would be higher, the fraction of nonparental chromosomes would be lower, classes represent dyads in which the D11Mit71 genotypes and the level of TRD in favor of DDK alleles at Om of the second polar body and maternal pronucleus difin nonparental chromosomes would be higher. That a fer. This may occur as a result of recombination between smaller fraction of this nonparental chromosome class the centromere and D11Mit71 [expected to occur in is found in live-borns vs. zygotes suggests the possibility 1.1% of dyads (http://www.informatics.jax.org/); in Figthat some embryonic loss of this genotypic class may ure 3 they represent 3.1% of dyads] or in instances in occur.
which the centromere genotypes truly differ because of Interestingly, more detailed analysis of complete dypremature separation of sister chromatids at MI. Alads that contain this particular nonparental chromothough the frequency at which the latter event occurs some does not rule out this possibility. Figure 3 shows is likely to be low (e.g., Hodges et al. 2001) , it is not all of the dyads that could be reconstructed on the basis precluded by the number of indeterminate dyads obof successful genotypes at both the centromere and Om served. Because of the uncertainty in centromere genoin both maternal pronuclei and second polar bodies.
type in these classes, we cannot determine whether the From the standpoint of being able to choose either the five dyads that segregated DDK alleles at Om to the ovum Om C57BL/6 or Om DDK allele at MII, the first four classes and C57BL/6 alleles to the second polar body belong and the last three classes are heteromorphic. As stated in the first class or the third class. Similarly, we cannot previously in Table 3 , there is significant TRD in favor determine whether the five dyads that segregated of DDK alleles in the total of these seven classes of dyad.
C57BL/6 alleles to the ovum and DDK alleles to the However, by inspection, there appears to be substantial polar body belong in the second class or the fourth TRD in those embryos that contain heteromorphic dyclass. In the "best" case for the possibility that meiotic ads that have C57BL/6 centromeres (first two classes on drive occurs in both C57BL/6 centromere-containing the left) but little TRD in those that have heteromorphic and DDK centromere-containing dyads, the level of TRD dyads with DDK centromeres (next two classes), alin the C57BL/6 centromere case would be 83:57 and the though the difference in the level of TRD is not statistilevel of TRD in the DDK centromere dyads would be cally significant ( 2 ϭ 2.48, P Ͼ 0.05). In addition, this 73:63. Under the scenario that only C57BL/6 centromere interpretation must be tempered by the fact that there dyads exhibited drive the C57BL/6 centromere dyads is some uncertainty in the precise numbers in each of could have TRD as high as 88:52 and the DDK centrothe first four categories on the left, due to the 10 dyads mere dyads could exhibit equal numbers (68:68) of DDK and C57BL/6 alleles at Om. in the last three classes on the right (Figure 3 ). These One final note on the potential source of any differdoes occur at MII, although the mechanism remains unknown. ences between the live-born data set and the zygote data set is the variable action of X-linked loci that modify modifier locus appears sensitive to X-inactivation (de la Casa-Esperó n et al. 2002) , there could be true differences in the level of recombination observed (the fraction of nonparental chromosomes in Table 4) some, the data in Table 4 suggest that the contribution of such selection to the overall TRD is minor.
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